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Abstract 
Among several methods used to obtain ultra-high vacuum (UHV) for particles accelerators chambers, it stands out the internal 
coating with metallic films capable of absorbing gases, called NEG (non-evaporable getter). Usually these materials are 
constituted by elements of great chemical reactivity and solubility (such as Ti, Zr, and V), at room temperature for oxygen and 
other gases typically found in UHV, such as H2, CO, and CO2. Gold and ternary Ti-Zr-V films were produced by magnetron 
sputtering, and their composition, structure, morphology, and aging characteristics were characterized by energy-dispersive X-ray 
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), field emission gun scanning electron 
microscopy (FEG-SEM), atomic force microscopy (AFM), high resolution transmission electron microscopy (HRTEM). The 
comparison between the produced films and commercial samples indicated that the desirable characteristics depend on the 
nanometric structure of the films and that this structure is sensitive to the heat treatments. 
 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
The gas adsorption by metals is well-known and has been used for several applications [1-5]. Non-evaporable 
getters (NEG) are used for pumping low-aperture and sealed off vacuum systems [6-9]. For the specific case of 
obtaining pressures < 10-5 Pa for ultra-high vacuum (UHV) applications, the NEG coatings require an activation 
temperature lower than 673 K (for stainless steel chambers), 523 K (for copper chambers), and 473 K (for aluminum 
chambers) [10]. The use of Al or Cu chambers is very important for the conduction of the beam image charges and 
for the dissipation of the synchrotron radiation excited by the charged particle beam. 
The most important parameters for NEG coatings are the oxygen solubility limit and the oxygen diffusivity [10]. 
Besides these two properties, the selected material must have high reactivity with the main residual gases present in 
UHV atmosphere (mainly H2, O2, CO, CO2, H2O, and N2). Other characteristics which are desired for the NEG 
coatings: good adhesion to the substrate (stainless steel, aluminum, and copper), magnetic permeability near 1, low 
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production of photoelectrons and secondary electrons. Among the many elemental and alloy films which have been 
produced and tested, those made of Ti-Zr-V ternary alloys are the most used and present a low activation 
temperature (473 K for a 24 h heating) [6-8, 11]. 
 
2. Experimental procedures 
2.1 Substrates 
 
The films were deposited by magnetron sputtering on Si(111) and Si(100) single-crystals, ultra-densified 
amorphous carbon (UDAC), and deoxidize electrolytic copper (ISO 431 Cu-OF) substrates. The type and 
dimensions of the substrate were determined by the characterization technique which was employed, as presented in 
Table I. 
 
Table I Characteristics of the substrates. 
Technique Dimensions [mm] Material 
AFM 
FEG-SEM 
10 x 23 x 125 Si (111) 
Si (100) 
HRTEM φ 3 x 125  Si (111) 
XRD 
XPS 
RBS 
1/8 disk sector 
φ 95 x 1.27 
UDAC 
Si (111) 
Si (100) 
DEF 30 x 30 x 2  Cu-OF, Si (100) 
 
The Si substrates were cut from single-crystal disks having high purity (99.999%), (111) and (100) 
orientations, and a thickness of 220 µm. The polished faces had roughness values in the range of 5 to 6 nm. The Si 
substrates were cleaned by: (1) immersion in 5% alkaline detergent, (2) removal of the residues by a S-1 sponge 
sheet, (3) rinse in flowing deionized water, (4) immersion in 10% HF acidic solution, (5) final rinse in flowing 
deionized water, and (6) drying with a stream of analytical grade 5.0 nitrogen. The UDAC substrates were cut in 8 
parts from a disk having an external diameter of 70.0 mm and an internal diameter of 20.0 mm. The face roughness 
was lower than 1.5 nm. The UDAC substrates were cleaned by: (1) immersion in a 2:1:1 solution of HF, HNO3, and 
H2O, (2) rinse in flowing deionized water, (3) immersion in 5% alkaline detergent, (4) removal of the residues by a 
S-1 sponge sheet, (5) final rinse in flowing deionized water, and (6) drying with a stream of analytical grade 5.0 
nitrogen. The copper substrate was cut from a polycrystalline sheet of electrolytic Cu-OF, and it was cleaned by: (1) 
immersion in a 3:1 solution of H3PO4 and HNO3 for 30 s, (2) rinse in water for 3 min, (3) rinse in deionized water 
for 3 min, and (4) drying with a stream of analytical grade 5.0 nitrogen. 
 
2.2 Deposition of the Au and Ti-Zr-V films 
 
The depositions of the Au and Ti-Zr-V films were carried out in a magnetron sputtering system specifically built 
for this work. The system had two anisotropic barium ferrite magnets having an external diameter of 206 mm, 
internal diameter of 118 mm, and thickness of 24.5 mm, which yielded a magnetic field of 700 G in the central axis. 
In the center of the magnets it was positioned a 316L stainless steel chamber, with external diameter of 70 mm, 
having DN63 Conflat flanges. The base pressure was in the range of 10-7 Pa. The pumping system consisted of a 
turbomolecular pump (70 l/s) and a mechanical pump (8 m3/h). It was used a Pirani-type vacuum gauge and a cold 
cathode gauge. The ventilation was done using synthetic air (70% nitrogen and balance O2), by a controlled vent 
valve. Plasma was produced employing a variable power source (up to 800 V and 1 A). The sample holder was built 
using a Cu-OF copper foil with a thickness of 0.2 mm. 
The NEG coatings were deposited by using a cathode formed by inter-twisted Ti, Zr, and V wires (diameter of 
0.5 mm) inserted axially to the chamber. The metals had purities of 99.8% (balance Fe), 99.2% (balance Hf), and 
99.8% for Ti, Zr, and V, respectively. Gold was deposited from a 1 mm diameter wire (99.9% purity). The 
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deposition parameters for growing Ti-Zr-V films were: voltage of 420-440 V, Argon pressure in the range of 2-5 Pa, 
current in the range of 5-8 mA, and room temperature. For the gold film, they were: voltage of 440-450 V, pressure 
of 8-10 Pa, current of 8-10 mA, and room temperature. The initial pressure were 1.5 x 10-6 Pa. 
 
2.3 Characterization techniques 
 
XPS measurements were performed in UHV using a Kratos XSAM HS spectrometer. It was used Mg Kα 
(hν = 1253.6 eV) X-ray source operated at 13 KV and 6 mA. The high-resolution spectra were obtained with 
analyzer energy of 20 eV, and the accuracy of the electron analyzer was 0.1 eV. The Shirley background, Gaussian 
(for 1s peaks) and mixed Gaussian/Lorentzian (for p and d peaks) functions, and a least-square routine were used for 
the fitting to the peaks. The binding energies were referenced to the hydrocarbon component C 1s level set at 
284.8 eV [12]. XRD measurements were carried out at the D12A beam-line at the Brazilian Synchrotron Light 
Laboratory (LNLS), using the Bragg-Brentano θ-2θ configuration, and a photon energy of 7100.00 eV 
(hν = 1.74627 Å). The crystallite sizes were evaluated using the Scherrer formula. The peak broadening due to 
crystallite size and the stress evaluation were calculated using the BREADTH software [13], which also is suitable 
for Warren-Averbach analysis [14, 15]. A standard alumina sample from NIST was used for the instrumental 
scattering correction. The FEG-SEM micrographs were taken using a SEM-JMS 6330F-FEG microscope and the 
chemical microanalysis was performed by energy-dispersive X-ray spectroscopy (EDS). The samples were fractured 
at room temperature. The AFM images were obtained using a Nanoscope IIIa microscope (Digital Instruments Inc.). 
The measurements were done in non-contact tapping mode and phase mode under ambient conditions. The samples 
were fixed on a magnetic holder disk and before being scanned, they were kept for about one hour until they reached 
a thermal equilibrium with the instrument, in order to avoid image shifts. The HRTEM micrographs were obtained 
using a JEM 3010 URP 300 KV microscope. The images were analyzed using the GATAN DigitalMicrograph® 
(ver. 1.70.16) software and the DIFPack (ver. 5) package. The RBS measurements were performed at a 5SDH NEC 
Pelletron-Tanden accelerator using a 2.2 MeV He+ beam, which yielded a beam current of 10 nA at the sample and 
an integrated charge of 20-40 µC. It was used two surface barrier detectors mounted at 170° and 120° in respect to 
the beam direction. The spectra were analyzed and simulated using RUMP [16] and SIMNRA [17] softwares. A 
chamber was specifically designed and built for the PSD experiments. This chamber was coupled to the D06B beam 
line of the LNLS ring. A non-filtered white synchrotron radiation was employed in order to reproduce the real 
operation conditions in a synchrotron ring. 
 
3.  Results and discussion 
Table II presents the EDS results on the compositions for the Ti-Zr-V NEG samples prepared for this work 
(LNLS) and manufactured by SAES Getters (SAES). Both samples have compositions within the ternary diagram 
region which presents activation temperatures below 473 K for 1 hour under vacuum [18]. 
 
 
Table II. Elemental analysis (in at %) obtained by EDS for the Ti-Zr-V NEG samples. 
Sample Ti Zr V 
LNLS 23.2 ± 0.5 21.8 ± 0.6 55.0 ± 0.8 
SAES 30.7 ± 0.3 15.3 ± 0.3 54.0 ± 0.6 
 
The thin Au film deposited over an adhesion Cr layer on UDAC substrate was analyzed by XPS at room 
temperature and after heating at 443 K for 1 hour under UHV condition. The results indicated that gold was 
predominantly in the metallic form, being slightly oxidized on the surface of the film, as indicated by the O 1s 
component at 530.2 eV [19]. 
The NEG-LNLS and NEG-SAES Ti-Zr-V films were analyzed by XPS, and C, O, and N were detected besides 
Ti, Zr, and V. The Ti 2p spectra for both LNLS and SAES films were fitted with one component for each spin-orbit 
peak, with Ti 2p3/2 binding energy of 458.3 eV, corresponding to the Ti
4+ oxidized state [19]. The Zr 3d spectra were 
also fitted with one component for each spin-orbit peak, with Zr 3d5/2 binding energy of 182.2 eV, corresponding to 
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the Zr4+ oxidized state [19, 20]. The V 2p spectra were adjusted with three components for each spin-orbit peak, 
with the following contributions for the V 2p3/2 peak: 513.1 eV (9%), 515.1 eV (31%), and 516.5 eV (60%) for the 
LNLS sample, and 513.2 eV (8%), 514.9 eV (27%), and 516.4 eV (65%) for the SAES sample. The binding energy 
values correspond to V0 (lowest value), V3+ (intermediate value), and V5+ (highest value). The LNLS sample was 
heat treated at 443 K during 24 hours under UHV condition, but the binding energy results were similar than those 
obtained for the untreated sample.  
Table III present the atomic ratios obtained by XPS for the LNLS and SAES samples. The results for the LNLS 
sample were the same before and after the heat treatment. Comparing the XPS results of Table III with the EDS 
results of Table II, it is noticed an enrichment of Zr and a depletion of Ti on the surfaces of both LNLS and SAES 
samples, since XPS is much more surface sensitive than EDS. 
 
Table III. Atomic ratios obtained by XPS for the Ti-Zr-V NEG samples. 
 Ti 
(Ti+Zr+V) 
Zr 
(Ti+Zr+V) 
V 
(Ti+Zr+V) 
LNLS 0.20 0.30 0.50 
SAES 0.26 0.29 0.45 
 
XRD analyses were performed on the as-deposited and heat treated gold films deposited on UDAC. The samples 
were heat treated under an atmosphere of O2 at 473 K for 15 min, 513 K for 15 min, and 513 K for 25 min, and the 
corresponding diffractograms are displayed in Fig. 1. For comparison, a theoretical diffractogram of Au is also 
included. The deposited films presented the characteristic Au peaks, but having different intensities, indicating a 
preferential growth of the {hhh} family planes. Heating enhanced this preference, yielding a decrease in the 
diffractions of the other family planes. The intensity ratios between the (111) and (222) reflections altered with 
temperature or time, stabilizing bellow what was expected (13.6% for the theoretical case and about 6% for the 
samples heated at 513 K for 25 min).  
 
 
Fig. 1 Difractogram comparing the theoretical, as deposited, after heating treatments at 473 K and 513 K. 
 
 
The crystallite sizes for the as-received and heat treated gold films were evaluated based on the results for the 
{hhh} family planes, and the peak broadening due to crystallite size. The BREADTH software [13] was used to 
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estimate the stress, the average size by means of Warren-Averbach (DW-A) analysis [14, 15] and by Scherrer (DS) 
formula. The estimates are presented in Table IV and suggest that the deposited gold films were not stressed, and 
that crystallite sizes increased with both temperature and time. It should be mentioned that an estimate of the 
melting temperature for a 25 nm Au grain is of the order of 520 K [21], which is very close to the temperature used 
in our heat treatment. A test sample melted in a heat treatment under vacuum at 623 K for 10 min. 
 
 
Table IV. Estimates for the stress and mean crystallite sizes for the as-received and heat treated gold films. 
Temperature and 
time  
Stress DA-W [nm] DS [nm] 
As received 0 29± 4 57± 5 
473 K 15min  0 33± 4 66± 6 
513 K 15 min 0 98± 40 194± 80 
513 K 25 min 0 146± 90 292± 200 
 
 
Figure 2 displays the XRD diffractograms for the as-received and heat treated NEG (LNLS) film deposited on 
Si(111). The heat treatment was carried out at 513 K for 5 min under vacuum. The diffractograms present the 
characteristic Si(111) substrate peak and a low intensity broad peak which suggests the presence of a nanometric 
structure. Since one peak was observed for the deposited film, the crystallite sizes were evaluated using the Scherrer 
formula only. For comparison, the SAES sample was heat treated in the same conditions, and the results are 
presented in Table V. 
 
 
 
Fig, 2 Diffractogram NEGL/LNLS sample as-deposited and after heat treatment 513 K, 5 min. 
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Table V. Diffraction angles and widths, and corresponding crystallite sizes, for the NEG-LNLS  
and NEG-SAES as-received and heat treated (513 K for 5 min) samples. 
NEG sample 2 θ [degree] Width [degree] Crystallite size [nm] 
As-produced LNLS 45.5 10.4 1.4 
Heated LNLS  44.9 9.0 1.6 
As-received SAES 44.7 9.2 1.5 
Heated SAES   44.3 8.2 1.7 
 
 
In Table V, the errors in the angle and width measurements are less than 3%, yielding an error of 6% for 
the size, thus the differences in crystallite sizes are real and significant, indicating an increase in crystallite size even 
at low activation temperatures. 
The FEG-SEM micrographs, for the gold film deposited on Si(111), are displayed in Figures 3(a) (top 
view) and 3(b) (cross section). It can be observed a large number of nucleations having a concave shape on top of 
the columnar growths, with elongated, dense grains, characteristic of the zone 1 of the Thornton’s diagram [22]. 
Between the elongated grains and the Si(111) substrate there is a dense, flaw-less layer, having no clear evidence of 
nucleation, with a thickness of approximately 100 nm. This layer could be formed during the initial film growth 
stages, and the subsequent layers grew differently. The total thickness of the Au film is estimated to be 820 nm. 
 
 
a) b)  
Fig. 3 Au morphological sample FEG-SEM images of a) surface and b) the cross section. 
 
 
Figure 4 displays (a) the top view and (b) cross section FEG-SEM micrographs for the NEG (LNLS) film 
deposited on Si(111). The observed microstructures are similar to those observed for the gold film, only with a 
higher concentration of nucleations. The grains are also elongated and dense, characteristic of the zone 1 of the 
Thornton’s diagram [22]. It was not observed the formation of an intermediate layer adjacent to the Si(111) 
substrate. The estimated thickness of the NEG (LNLS) film is 700 nm. The micrographs for the NEG (SAES) film, 
shown in Figure 5, are very similar to those associated to the NEG (LNLS) film, having the same characteristics: 
elongated and dense grains, with no intermediate layer. The estimated thickness of the NEG (SAES) film is 680 nm. 
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a) b)  
Fig. 4 NEG (LNLS) morphological sample FEG-SEM images of a) surface and b) the cross section. 
 
 
 
a) b)  
Fig. 5 NEG (SAES) morphological sample FEG-SEM images of a) surface and b) the cross section. 
 
Figure 6 depicts the AFM images obtained using (a) the non-contact tapping mode and (b) the phase mode, 
for the as-deposited Au film, (c) the non-contact tapping mode and (d) the phase mode, for the Au film heat treated 
in vacuum at 523 K for 10 min. The associated values of roughness, surface area, height variation, and angle 
variation are expressed in Table VI. The angle varies in relation to the axis perpendicular to the surface. These 
results indicate that the surface is comprised of side-by-side grains. For the heat treated film, relatively smooth 
regions with accentuated boundaries were observed. This change in the surface profile after the heating treatment 
could indicate a tendency of the adjacent grains to coalesce, even at a temperature bellow the annealing temperature, 
573 K [23], and thus forming larger grains. 
 
 
Table VI. Values of roughness (Ra), surface area, height variation, and angle variation for the Au samples. 
Sample Roughness  
Ra [nm] 
Surface area 
[nm2] 
Height variation  
[nm] 
Angle variation  
[degree] 
Au as deposited 5.3 315000 52 81 
Au 523K@10 min. 7.1 315000 78 113 
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a)  b)  
c)  d  
Fig. 6 Au samples image of AFM of as-deposited a) non-contact tapping mode and b) phase mode, and Au image 
heat treated under vacuum 523K for 10 min c) non-contact mode and d) phase mode. 
 
Figure 7 displays (a, c) the non-contact tapping mode and (b, d) the phase mode AFM images for the NEG 
films (Figures 7(a) and 7(b) refer to the LNLS sample, and Figures 7(c) and 7(d), to the SAES sample). The 
associated values of roughness, surface area, height variation, and angle variation are expressed in Table VII. The 
results indicate that the surfaces of both LNLS and SAES surfaces are formed by agglomerates of grains. The main 
difference between both samples would be in the angle variations: they are smaller for the SAES sample (Fig. 7(d)) 
than for the LNLS sample (Fig. 7(c)). The behavior of the SAES sample is similar to that observed for the heat 
treated gold sample. This is likely due to the fact that the SAES sample was produced at 423 K, while the LNLS 
sample was produced at room temperature. 
 
 
Table VII. Values of roughness (Ra), surface area, height variation, and angle variation  
for the NEG-LNLS and NEG-SAES samples. 
Samples Roughness  
Ra [nm] 
Surface  
area [nm2] 
Height variation  
[nm] 
Angle 
variation 
[degree] 
NEG-LNLS 3.4 276000 35 92 
NEG-SAES 2.2 262000 20 52 
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a) b)  
c) d)  
Fig. 7 NEG-LNLS samples image of AFM as-deposited a) non-contact tapping mode and b) phase mode, 
and NEG-SAES image as deposited c) non-contact mode and d) phase mode. 
 
 
The LNLS NEG sample was heat treated in vacuum at 623 K for 2 hours. Figure 8 presents the non-contact 
tapping mode AFM images for this sample, and Table VII, its values of roughness, surface area, height variation, 
and angle variation. The heat treatment caused a considerable change in the profile of the LNLS NEG film, and the 
agglomerates are not observed any longer (Fig. 9.i and 9.j). Although the roughness and height variation had 
changed, the surface area remained stable after the heat treatment. 
The change in the film morphology caused by the heat treatment at low temperature was observed for both 
gold and NEG-LNLS films. In order to further investigate the surface profiles of these samples, an image treatment 
for both non-contact tapping and phase modes was performed. Figure 9 displays the enhanced images, showing that 
the grains coalesced for the as-deposited Au films (Figs. 9.a and 9.b) and the heat treated films (Figs. 9.c and 9.d). 
Both the as-deposited LNLS (Figs. 9.e and 9.f) and SAES (Figs. 9.g and 9.h) NEG films presented differences in the 
sizes of the agglomerates. The heat treated NEG-LNLS film (Fig. 9.i) presented a significant change in the surface 
morphology (lower roughness and lower Z height, but with a similar surface area compared to the as-deposited 
film). The mean grain sizes were estimated by using the AFM software (NanoScope ® III version 5.12r5) and are 
presented in Table VIII 
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a)         c)     e)             g)        i) 
 
b)        d)     f)          h)      j) 
Fig. 9 Original and enhanced images, showing that the grains for the as-deposited Au films a) and b),  the heat treated films 523 K for 10 min under vacuum c) and 
d) , the as-deposited NEG LNLS e) and f), the NEG SAES g) and h), and the LNLS NEG heat treated film 623 K for 2 h under vacuum i). 
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Table VIII. Estimates for the mean grain sizes. 
Sample Mean grain sizes [nm] 
As-received Au 51.2 
Heat treated Au >200 (?) 
As-received LNLS 26.6 
Heat treated LNLS 13.4 
As-received SAES 32.0 
 
 
The HRTEM analysis was performed for a NEG-LNLS film only, which was analyzed in two conditions: 
as-received (Fig. 10) and after a heat treatment at 453 K in UHV for 2 hours (Fig. 11). The as-received film presents 
crystallites having sizes up to 2.2 nm and inter-planar distances of 0.22-0.24 nm. After the heat treatment, the 
crystallites’ sizes grew up to 11 nm, but the inter-planar distances remained approximately the same (0.22-0.25 nm). 
 
 
 
Fig. 10 Micrography of NEG-LNLS as produced with some highlighted region with crystalline structures. 
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a) 
 
b) 
Fig. 11 Micrography of NEG-LNLS with the highlighted crystal analyzed a), and the crystal plane distance b). 
 
Employing the DIFPack ver.5 package for analyzing the micrographs and using the Hanning Filter and the 
Fast Fourier Transform method, it was possible to make an indexation of the planes, which yielded a body centered 
cubic structure for both conditions (as-received and heat treated film). 
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4. Conclusions 
 
Gold and ternary Ti-Zr-V films were produced by magnetron sputtering on Si(111) and Si(100) single-
crystals, ultra-densified amorphous carbon (UDAC), and deoxidize electrolytic copper (ISO 431 Cu-OF) substrates. 
The compositions, structures, morphologies, and thermal aging characteristics of the produced (LNLS) and 
commercial (SAES) NEG films were characterized by EDS, XPS, XRD, FEG-SEM, AFM, and HRTEM. 
An Au film was investigated in order to compare with the Ti-Zr-V films, since gold could be regarded as a 
reference due to its low chemical reactivity towards the gases present at the atmosphere or in UHV conditions. The 
Au film presented grains smaller than 20 nm, and a melting temperature of approximately 523 K. A slightly 
oxidation on surface and no dissolved oxygen were detected in the Au film. 
The comparison between the bulk (EDS) and surface (XPS) analyses indicated an enrichment of Zr and a 
depletion of Ti on the surfaces of both LNLS and SAES NEG films. The NEG-LNLS presented a probable body 
centered cubic structure with grains smaller than 2.2 nm. A heat treatment at 453 K in UHV for 2 hours caused the 
grains to grow up to 11 nm, indicating that the grain sizes could have an important contribution on the low 
temperature activation of the NEG coatings, independent of the saturation with oxygen. 
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